Background: Hemodynamic factors are considered to play an important role in the initiation and recurrence of cerebral aneurysms. However, hemodynamic characteristics leading to the recurrence of aneurysms is not well recognized. This study analyzes the hemodynamics of simple-coiling and remnant-neck aneurysms, and discusses the impact of hemodynamic factors on the recurrence of cerebral aneurysms.
Background
Endovascular embolization has been widely used as a safe and effective treatment method for intracranial aneurysms. However, the residual neck of intracranial aneurysms can easily relapse after coil embolization [1] . Recurrence is usually influenced by multiple factors, and the pathogenesis is still unclear [2] [3] [4] . It is a significant clinical problem, waiting to be addressed by the advancement of endovascular techniques.
With the rapid development of hydromechanics and numerical simulation of computational fluid dynamics and its close connection with clinical work, more and more studies increasingly suggest that intracranial aneurysm hemodynamic parameters may be related to recurrence of aneurysms after coil embolization [5] [6] [7] [8] [9] [10] [11] [12] [13] . As aneurysm remnant may still carry a small risk of rupture [14] , it is important to study the underlying mechanisms of aneurysm recurrence after coiling. So it is important to study the underlying recurrence mechanism of the remnant-neck aneurysms treated with simple coiling.
Meanwhile, recently most hydrodynamic research only simulates the hemodynamic characteristics of the vessel and the aneurysm remnant-neck after coil embolization [15, 16] . However, these studies did not consider the percolation in the coils after embolization, and hence the conclusion is different with the actual situation.
Our study used a porous medium model to simulate the hydrodynamics of three aneurysms with a remnantneck after coil embolization. We used the porous medium to simulate the coiled aneurysm, and pure fluid to simulate the parent artery, then calculated and simulated the blood flow with CFD. This study analyzed the hemodynamic changes in the pre-operative, the immediate post-operative period and for the two follow-up periods in order to discuss the hemodynamic mechanism of aneurysm recurrence.
Methods

Clinical and image data
Three cases of remnant-neck aneurysms treated with simple coiling were collected, and all of the DSA images meet the quality requirements for CFD purposes. The cases were followed up by the rotational DSA and the 3D reconstruction of the vessel. If the remnant neck increased compared with the immediate post-operative period, we defined it as recurrence. One of the cases was found to have recanalization on follow-up, whereas the other two aneurysms were stable. The recurrence case had two follow-up visits, the first visit was 6 months after coil embolization. The DSA showed that the Fig. 1 Digital subtraction angiography (DSA) of aneurysms a Pre-operatively, b the immediate post-operative period, c 6-month follow-up and d 18-month follow-up angiography of recanalized case 1; e Pre-operatively, f the immediate post-operative period and g 7-month follow-up angiography of stable case 1; h Pre-operatively, i the immediate post-operative period and j 6-month follow-up of stable case 2 aneurysm had not recurred. The second visit was 18 months after initial coil embolization, the angiography revealed re-enlargement of the remnant neck as the aneurysm recurred. The other two stable cases had one follow-up visit, which was 6 and 7 months respectively after procedure. The angiography images before and after coil embolization are shown in Fig. 1 .
Cerebral aneurysm and coil embolization modeling
Patient-specific 3D DSA data was obtained from imaging studies performed as diagnostic angiograms. The angiograms were acquired on interventional monoplane C-arm systems (Axiom Artis Zeego, Siemens Medical Solutions, Erlangen, Germany). All the images acquired were then transferred to the angiography workstation (Siemens Syngo X-workplace). Using Siemens Leonardo image post-processing with Inspace software, dual 3D reconstructions of aneurysm and cerebral artery were created. After selecting a volume of interest containing aneurysm and adjacent vessels, the workstation exported the reconstructed 3D image into an STL (stereolithographic) file. The STL file was then imported into Geomagic Studio 11.0 software to repair, cut and smooth. Using the method proposed by Kakalis et al. [17] , the whole vessel volume was divided into porous medium and pure fluid regions. We modeled the system of the detachable coils in the aneurysm volume as a porous medium, while the parent artery and remnant neck were modeled as the pure fluid part, For the porous region, the volume porosity φ of the porous region represents the volume occupied by pore to the total volume of the aneurysm sac and is calculated according to the formula
Where N is the number of coils released into the aneurysm, Vc, i is the volume of ith coil, and Van is the total volume of the aneurysm.
In Fig. 2 , we illustrated the partition of the aneurysm volume into porous and pure fluid regions. The red region is filled with the porous medium and corresponds to the coiled part of the aneurysm whereas the blue one to the pure fluid part.
Hemodynamic modeling
The STL (stereolithography) format file was then imported into ANSYS ICEM CFD_13.0 software to create volume grids. For the coiled aneurysm model, the geometry of the original aneurysm was divided into two parts, the aneurysm sac and the parent artery by the interface at the aneurysm neck, but the parameters for the mesh generation of the three parts were the same. The tetrahedral meshes were created with a maximum mesh size of 0.2 mm. The meshes were imported into the commercial CFD package ANSYS CFX_13.0 (Ansys Inc., Canonsburg, PA, USA) to simulate the blood flow in the untreated aneurysm model and treated aneurysm models. The treated aneurysm was divided into a porous medium region and pure flow region, using a porous medium to stimulate the coiled aneurysm sac, and using the pure fluid to simulate the parent artery and the remnant neck. As is illustrated in Fig. 3 , the red area was filled with the porous medium and corresponds to the coiled part of the aneurysm, while the blue region corresponded to the blood flow in the remnant neck, while the green corresponded to the blood flow in the parent artery. Blood flow was considered an incompressible and laminar fluid and satisfied the Navier-Stokes equation and continuity equation. The density and dynamic viscosity of blood were specified as 1060 kg/m 3 and 0.004 N/m 2 . The vessel wall was assumed rigid and no-slip, while the pulsatile velocity boundary condition was imposed at the model inlet by using a superposition of Womersley velocity profiles. The waveform picture is illustrated in Fig. 4 . The pressure boundary condition was imposed at the model outlet, and the initial Pressure was 8000 Pa. Two cardiac cycles of the blood flow were performed for each simulation, with the data in the second cycle used as the final result. The blood flow in the convergence criteria in the simulation was that the residual of velocity and mass were less than 1e-5.
Results
Numerical simulation of blood flow was conducted under corresponding state. The streamlines, the distributions of the wall shear stress (WSS) and the velocity contours of aneurysms were acquired. Figure 5 respectively shows the streamlines of the coiled aneurysm at the systolic peak of the secondary cardiac cycle before and after coil embolization Pre-operatively, part of the blood flow entered the aneurysm sac from the distal side of the neck and formed a large and complex vortex inside aneurysm. In the Immediate post-operative period, there was still some minor blood flow in the aneurysm, which entered the aneurysm from the distal side of the remnant neck, but the blood flow in the aneurysm was less than the untreated aneurysm. In the two follow-ups, compared to the immediate post-operative period, the blood flow in the aneurysm had no obvious change, there was still some slight blood flow in the aneurysm. But for recanalized case 1, high velocity and dense streamlines could be demonstrated by the enlargement of the remnant neck. Luo B et al. [16] assumed, after partial occlusion, that the blood inflow did not enter the aneurysm sac. They used a model of the parent artery for hemodynamic analysis after coil embolization, which was equivalent to directly deleting the aneurysm and did not correspond to the actual blood flow situation. In this study, we used a porous media model to simulate the blood flow in the aneurysm, and more accurately simulated the blood flow.
Streamlines
Distributions of the wall shear stress Figure 6 shows the distributions of the wall shear stress at the systolic peak of the cardiac cycle before and after coil embolization respectively Pre-operatively, the local WSS on the remnant neck was greater than in other regions of the aneurysm. In the immediate post-operative period, the WSS on the remnant neck of the aneurysm decreased, but it was still higher than in other regions of the aneurysm. In the first follow-up, for recanalized case, compared to the immediate post-operative period, the local WSS at the remnant neck had increased; for stable cases, the local WSS at the remnant neck was same as the previous Fig. 3 The simulation model of the aneurysms Fig. 4 The velocity waveform image of the model inlet (Table 1 ). In the second follow-up, for the recanalized case the local WSS at remnant neck of the aneurysm was lower than the previous follow-up, and still higher than in other regions of the aneurysm.
The velocity contours on the longitudinal section Figure 7 shows the velocity contours on the longitudinal section for the coiled aneurysm at 0.2 s of the cardiac cycle (at the systolic peak )in the pre-operative, immediate post-operative, and two follow-up periods respectively Pre-operatively, the blood flow velocity was rapid in the sac, and no stagnation region was formed in the recanalized and stable aneurysms. In the immediate post-operative period, the velocity became lower in most of the aneurysm sac, and then formed a stagnant region.
While for the recanalized case, an obvious flow impingement region could be observed in a wide area at the remnant neck. In the first follow-up, for the recanalized case, the flow impingement was stronger than the immediate post-operative period, the impingement region was wide, while the stagnation area in the aneurysm was reduced; for stable cases, the velocity had no obvious change (Table 1 ). In the second follow-up, the flow impingement in the recanalized case became weaker than in the first follow-up.
Discussion
Recently, hemodynamic research mainly simulated the blood flow characteristics of the remnant neck without considering the coils [16] . However, even when an Fig. 5 Streamlines of the aneurysm at the systolic peak (t = 0.2 s). Pre-operatively, the blood flow entered the aneurysm sac and formed a large and complex vortex inside aneurysm. In the immediate post-operative period, some minor blood flow entered into the aneurysm). In the two follow-ups, some slight blood flow still entered into in the aneurysm, while high velocity and dense streamlines could be observed at the remnant neck of the recanalized case. For the panel inside the image of Fig. 5 ,the red region on the top responds to high velocity, while the blue region at the bottom responds to low velocity aneurysm was completely embolized, the packing density might be only 25-35 % [18] . Though the aneurysm displayed no contrast material, in the immediate postoperative period, blood flow percolation could still occur in the aneurysm pouch. Therefore their method did not accord with the actual situation. Our study used a porous medium model as the equivalent of the coils [19] , and combined with the reconstruction of the parent artery to simulate the hemodynamic characteristics of the aneurysm obtaining a more accurate result. Meanwhile, the porous model required the uniformity of the simulation material. In this study, in the immediate post-operative period, the velocity of the blood flow surrounding the coils was high, so that no thrombosis was formed in the aneurysm. As the material in the aneurysm approximated homogeneous distribution, it was reasonable to model the aneurysm with the porous medium. In the two follow-ups, significant thrombosis formed in the aneurysm, resulting in a change of porosity, so that the porous medium may not very accurately model the blood flow, while there Fig. 6 The Wall Shear Stress Contours distributions of the aneurysm at the systolic peak (t = 0.2 s). Pre-operatively, the local WSS on the remnant neck was greater than that in other regions of the aneurysm. In the immediate post-operative period, the local WSS on the remnant neck decreased. In the first follow-up, compared to the immediate post-operative period, high local WSS at the remnant neck of recanalized case was observed. In the second follow-up, high local WSS at remnant neck of the recanalized case was also can be found. For the panel inside the image of Fig. 6 , the red region on the top responds to high wall shear stress, while the blue region at the bottom responds to low wall shear stress was also percolation in the aneurysm. So the porous medium simulation largely replicated the blood flow situation, and the hemodynamic results were relatively accurate. Sluzewski M [14] et al. demonstrated that coil compaction, resulting from high blood flow impingement, was an important factor in aneurysm recurrence. Some studies had also found that hemodynamic factors, such as high WSS and velocity, were highly related to aneurysm recurrence [16, 20] . In this study, for recanalized case, in the immediate post-operative period, the form of the aneurysm had no obvious change. However, a sizeable blood stagnation region was formed in the sac, and the WSS on the remnant neck decreased. In the first followup, the remnant neck area had no obvious change, the WSS on the remnant neck was higher than the immediate post-operative period, the flow impingement was stronger, while the impingement region was wide, and the blood stagnation region decreased. In the second follow-up, the remnant neck of the aneurysm enlarged, the aneurysm recurred, and while the WSS was lower on the remnant neck and aneurysm sac than the previous follow-up, the blood stagnation region became larger. For the recanalized case the WSS and velocity underwent dynamic changes during the aneurysm recurrence process after embolization, which influenced the progress of the aneurysm outcome. In conclusion this aneurysm recurrence process can be divided into two phases: in the first phase (from the immediate post-operative period to the first follow-up) the aneurysm did not recur, the coils experienced only minor compaction, resulting in local high blood flow velocity and a decrease in the blood stagnation area, the WSS on the remnant neck increased. In the second phase (from the first follow-up to the second followup) high WSS on the remnant neck resulted in the regrowth of the remnant neck and aneurysm recurrence.
In our study, for recurrent case 1, it was stable in the 6-month follow-up, but had recanalized in the 18-month Fig. 7 The Velocity Contours on the Longitudinal Section at the systolic peak (t = 0.2 s). Pre-operatively, the blood flow velocity was rapid in the aneurysm sac without stagnation region. In the immediate post-operative period, the velocity in the sac become lower, and formed a stagnation region (V < 0.1 m/s). An obvious flow impingement region was observed in the remnant neck of the recanalized aneurysm. In the first follow-up, the flow impingement at the remnant neck of recanalized aneurysm became stronger and formed a wide area, while the stagnation area had reduced. In the second follow-up, the flow impingement became weaker than the previous follow-up and the impingement region became narrow, while the stagnation region enlarged. For the panel inside the image of Fig. 7 , the red region on the top responds to high velocity, while the blue region at the bottom responds to low velocity follow up. For recurrent case 2, it recurred in the first follow-up on seventh month after procedure. Therefore, the different interval in different patients between the first follow-up and the second follow-up may induce much influence on the results. And it is necessary to conduct long-term follow-up for remnant-neck aneurysms. In clinical practice, the hemodynamic features of the intracranial aneurysms can also provide some references for the treatment and follow-up of the intracranial aneurysms.
The porous medium model also has some limitations, in the immediate post-operative period, the velocity of the blood flow surrounding the coils was high, so that thrombosis was difficult to be formed in the aneurysm. It is relatively reasonable to model the aneurysm with the porous medium. However, in the two follow-ups, significant thrombosis formed in the aneurysm, resulting in a gradual decrease of porosity, we could not accurately describe the thrombosis and calculate the porosity, but we gave a rough estimate of the porosity of the followup. Simultaneously this model represented blood flow in the aneurysm sac after coil embolization, it might be more reasonable than the previous method which directly deleted the aneurysm.
Conclusion
This aneurysm recurrence did not result solely from pure coil compaction or vessel reconstruction caused by hemodynamic change, but was rather the result of these two factors working in concert in two stages. In the first phase, high velocity blood flow impingement on the coils resulted in coil compaction, and the aneurysm did not noticeably recur, while hemodynamic parameters significantly changed. In the second phase, the coils were stable, while high WSS for a long period at the remnant neck resulted in vessel reconstruction leading to aneurysm recurrence.
